Introduction
Photochemical reactions are important pathways for the removal of biorefractory compounds from surface waters, including xenobiotics such as pesticides, pharmaceuticals and personal care products. Photoinduced reactions are usually divided into direct and indirect (or sensitised) photolysis processes. 30 In the case of direct photolysis, absorption of sunlight by a compound triggers its phototransformation because of phenomena such as bond breaking and photoionisation.
1,2
3 Indirect or sensitised photolysis does not require radiation absorption by the compound. Sunlight is rather absorbed by photoactive 35 components called photosensitisers (such as nitrate, nitrite and chromophoric dissolved organic matter, CDOM), which produce reactive transient species including would be taken into account with CDOM photoreactions.
5
Direct and sensitised photolysis induce transformation of water-dissolved pollutants, yielding different intermediates depending on the actual pathway involved.
13-15
Even when there is a large overlap between intermediates produced by different 50 processes, the associated formation yields may be strongly process-dependent.
16-18
We have recently developed a photochemical model that predicts photochemical reactions and pollutant phototransformation as a function of water chemistry and of the 55 optical path length of sunlight in water, the latter being proportional to water depth. The model relies as key input data on pollutant photoreactivity parameters such as the direct photolysis quantum yield and the second-order reaction rate constants with • OH, CO 3 −• , 1 O 2 and 3 CDOM*. 19, 20 More recently the model was 60 implemented into the APEX software, which is described in this paper and can be freely downloaded. Although free packages are available to compute the kinetics of direct photolysis, 21,22 to our knowledge APEX is the only software linking water chemistry and depth with both direct and indirect photochemistry. photochemical processes are provided in the User's Guide of APEX, which is included together with the whole software package as Electronic Supplementary Information (ESI) of this paper.
The 33 In the case of 3 CDOM*, it is used a pseudo-first order decay constant determined for aerated aqueous systems, 34 which is higher than for anoxic waters due to reaction (4). This choice is due to the fact that the model 40 applies to the surface water layer that is usually well oxygenated. An overall scheme of the main modelled reactions is provided below (note that "td" means thermal deactivation).
A major issue in the modelling of photochemical processes in 45 surface waters is the competition for sunlight irradiance between different light-absorbing species, and most notably between nitrate, nitrite and CDOM. The latter is the main sunlight absorber in the 300-500 nm interval, 35 which is most significant from the point of view of surface-water photochemistry. 
40,41
To make an instance, in the case of • OH the relevant steadystate concentration can be expressed as follows: (12) where the contribution of the photosensitisers to 
10
For the direct photolysis, the transformation rate of P can be obtained with a slightly modified version of equation (11):
is the quantum yield of P direct photolysis. Similar observations as above apply if the wavelength trend of 15 the quantum yield is known, or if a constant or average value is used instead. The pseudo-first order rate constant of the direct photolysis is
, which is independent of [P] if the latter is sufficiently low.
11
The overall rate constant of P transformation via the different 20 photochemical processes is
, where the sum on j includes the direct photolysis.
The model can also be applied to the formation of intermediates. 18 In particular, assume that the by-product B can be formed from P in the photochemical process j (direct The corresponding rate constant of B formation is
. It is thus possible to calculate the overall rate constant of photochemical B formation and its overall 30 formation yield from P (equations 14 and 15, respectively):
The theoretical framework provided so far could well be applied to steady irradiation conditions. However, this is not the case for 35 the outdoor environment where, apart from unpredictable meteorology issues, there are at least diurnal and seasonal cycles to be taken into account. Therefore, it is important to mention that the model uses a standardised time unit, intended on the one side to provide a reference time of definite duration and, on the other 40 side, to give insight into the day-night cycle. That unit is a summer sunny day (SSD), which corresponds to mid-latitude (45°) 15 July under fair-weather conditions. 65 An overall scheme of the APEX architecture is depicted in Figure 1 . The different parts will be described in the next sections, but a more complete and operationally-oriented description is provided in the User's Guide (see ESI). Note that the software can draw a 3D plot or produce a possible gaps, an experimental protocol has been developed for the experimental determination of all needed parameters. Such a protocol has been applied for instance to all the compounds listed in Table 1 and it is described in the relevant references. The protocol can be adapted to compounds undergoing acid-base 15 equilibria. For instance, in the case of the sunlight filter benzophenone-4 (pK a ~ 7) the kinetic parameters of interest have been determined separately for the acidic and the basic species, which allowed photochemical modelling as a function of pH.
54
Some input data are functions of the wavelength, such as the 20 absorption spectrum (molar absorption coefficients) of the target compound. These data are included in tabular form in an input .csv file, of which some examples for different xenobiotics are provided in ESI with file names of the kind compoundname.csv. These files also contain the molar absorption coefficients of 25 nitrate and nitrite, the wavelength trend of the quantum yield of
• OH generation by nitrite, and a standard spectral photon flux density of sunlight. The latter corresponds to a mid-latitude irradiance of 22 W m −2 in the 290-400 nm wavelength interval.
55
In the .csv input file it is also possible to include, if available, 30 the photolysis quantum yield of the target compound (with the possibility to report wavelength-dependent values if applicable or known) and the absorption spectrum of water, expressed as the absorbance over an optical path length of 1 cm. Considering that photochemical reactions are faster near the water surface, 32 the 35 absorption spectrum of a water sample taken from the surface layer should be inserted here, if available. If such a spectrum is not available, the software will model it on the basis of the content of dissolved organic carbon (DOC, also termed as NPOC, non-purgeable organic carbon). Indeed, the absorption spectra of 40 surface waters are exponentially decaying functions with a reasonably good correlation between absorbance and DOC. 56 To tell the software that the absorption spectrum is to be modelled instead of taken from the input file, one should insert "-1" overall in the file column related to the water absorbance.
45
As far as the direct photolysis quantum yield of the xenobiotic compound is concerned, there is the possibility to insert wavelength-dependent values, a constant value throughout, or to define the quantum yield as a variable if its value is not known. Definition of the quantum yield as variable should be made 50 within the plotgraph and savetable functions. To enable this, one should insert "-1" in the whole quantum yield column of the input .csv file, otherwise the software will read with priority the data contained in that column.
The input file should be placed in the same folder that contains 55 all the APEX files.
The plotgraph function
This function is provided as a file (plotgraph.m) that can be opened and modified with standard text/notepad applications. Use of word processors is not recommended because they could add 60 text strings when saving the files. Such strings would not be recognised and could cause errors when running APEX.
The plotgraph function draws a 3D plot, and the X and Y variables have to be chosen among parameters of water chemistry and photochemical reactivity of the target compound. The For each of the parameters related to water chemistry, compound photoreactivity or intermediate formation, one should either insert a known numerical value (or 0 if that value is 80 negligible or not available), or define the relevant quantity as X or Y variable. For X and Y one should also define the range of variation, namely minimum and maximum values as well as step size. The format is minimum:step:maximum. The step size defines the grid density of the plot. A smaller step (higher density) 85 enables better resolution and nicer aesthetic effect, but it also requires longer computational time. Indeed, if the step size of both X and Y is decreased by a factor of 10, the number of calculations (and time as a consequence) is multiplied by 100.
The water samples from a definite environment. This will improve the accuracy of model predictions for photochemical processes taking place in that environment. 55 The apex.m function makes calculations on the basis of input data and instructions, using the model equations that are listed in detail in the User's Guide (see ESI). Many of the relevant equations require integration over wavelength, which is carried out numerically by the integral.m function. Generally speaking, 60 the user does not need to modify the apex.m file. However, a reason to do so could be the need to modify scavenging/deactivation rate constants of the transients, if measured data from a particular environment are available.
Numerical calculations

Running APEX under Octave
65
As specified before, APEX is not a stand-alone application but it requires the free software Octave to be used. Octave has a DOSlike interface, thus it is highly advisable to place the APEX package in a folder that is easily reached by use of DOS commands (e.g., C:\Apex). The figure below shows two 70 examples on how to run plotgraph and savetable, after all the relevant issues related to input data and instructions have been carried out as described in sections 3.1-3.3. In both cases, the first instruction calls the folder that contains the files plotgraph.m and savetable.m. Note that if no file name is specified within plotgraph (command: plotgraph() as shown in 80 Figure 2a) , the output is shown in a window on the screen that allows for instance free rotation of the plot to get the best perspective. It is also possible to specify a file name in which to save the plot (recommended format is .pdf, e.g. plotgraph("output.pdf")), but in this case no further rotation is 85 allowed. In the case of savetable, a file name for the output table has to be specified. Recommended output format is .csv. Figure 3 reports two 3D plots generated by plotgraph. Compared to the raw output, axis titles were added by means of a standard drawing application. If one wishes a different format or 90 appearance of the plots, it is suggested to run savetable and then to use the output table within dedicated software for plot drawing.
Atrazine, the degradation kinetics of which is modelled in Figure 3 , is transformed in surface waters mainly by direct photolysis (quantum yield of (1.6±0.2)⋅10
−2 ) and reactions with 95
• OH (second-order rate constant of (2.7±0. ). The DEAOH yields of other processes 100 are negligible. 51 The rate constant of ATZ has a minimum as a function of DOC (Figure 3a) , because of the prevalence of direct photolysis and
• OH reaction at low DOC and of 3 CDOM* at high DOC. The fact that 3 CDOM* is not involved in DEAOH formation explains why, differently from ATZ, the DEAOH rate constant steadily decreases with increasing DOC (Figure 3b 
Determination of model uncertainty
Among the input data, those concerning the photochemical reactivity of the target compound are derived from experiments and they are affected by error. Figure 4 for atrazine (the ±σ band around the model predictions is obtained by using the Apex_Errors.xls file for each monthly value of the half-life time). One can see that the phototransformation kinetics of atrazine can 75 be around eight times slower in winter than in summer. In this case the apparent agreement between model predictions and field data 61 should not be overemphasised: incomplete water chemistry information was provided in the reference, and the values of the missing parameters were guessed so as to adapt predictions to field values. An important issue is that, in the case 5 of Apex_Season.xls, the time unit is no longer the SSD but rather an average sunny day of the month under consideration.
3.8 Path length of sunlight and water depth: effect of the solar zenith angle 10 Reflection and refraction phenomena are operational when sunlight crosses the air-water interface. Reflection of sunlight can often be neglected, 21 while refraction deviates the light path towards the vertical (see Figure 5 ). At temperate latitudes during summer, the error made by assuming ψ ∼ 1 is lower than the uncertainty of the model.
Conclusions
50
The APEX software is derived from a photochemical model that predicts pollutant phototransformation kinetics as a function of photoreactivity parameters (direct photolysis quantum yield and reaction rate constants with • OH, CO 3 −• , 1 O 2 and 3 CDOM*) and of data of water chemistry and depth. The model has been 55 validated by comparison with field data, showing good agreement. APEX is based on the free software Octave. By use of model equations, it can produce 3D plots or tables that, as a function of the above parameters, report reactivity data such as half-life times, pseudo-first order rate constants and steady-state 60 concentrations of transients. It is also possible to calculate the kinetics and yields of intermediate formation, based on the relevant yields from the parent compounds via the different photochemical pathways. An important issue is that for a defined sunlight path length or water depth, the output values are 65 averages over the whole water column under consideration. Therefore, for e.g. 1 m depth, kinetics and steady-state concentrations are referred to the whole 1-m water column (water-column averages) and they are not the point values at the depth of 1 m. 70 The APEX package, which is provided with this paper as freely available ESI, also includes the files Apex_Errors.xls and Apex_Season.xls. The former computes the σ-level uncertainty associated with the output data, while the latter gives the (approximate) monthly trend of the output variables. APEX uses 75 as standard time unit a summer sunny day (SSD), equivalent to 15 July at mid-latitude. Therefore, the standard output is referred to summertime irradiation conditions. Apex_Season.xls gives insight into the approximate year-round trend of photochemical processes at mid latitude.
80
This paper gives a general description of APEX, but users should make reference to the more detailed User's Guide that is provided as ESI.
-EU Accelerating Grants, project TO_Call2_2012_0047 (Impact of radiation on the dynamics of dissolved organic matter in aquatic ecosystems -DOMNAMICS). 
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